Mast cells are not only important effector cells in immediate hypersensitivity reactions and immune responses to pathogens but also can contribute to T cell-mediated disorders. However, the mechanisms by which mast cells might influence T cells in such settings are not fully understood. We find that mast cells can enhance proliferation and cytokine production in multiple T cell subsets. Mast cell-dependent enhancement of T cell activation can be promoted by FcRI-dependent mast cell activation, TNF production by both mast cells and T cells, and mast cell-T cell contact. However, at high concentrations of cells, mast cells can promote T cell activation independent of IgE or TNF. Finally, mast cells also can promote T cell activation by means of soluble factors. These findings identify multiple mechanisms by which mast cells can influence T cell proliferation and cytokine production.
Mast cells are not only important effector cells in immediate hypersensitivity reactions and immune responses to pathogens but also can contribute to T cell-mediated disorders. However, the mechanisms by which mast cells might influence T cells in such settings are not fully understood. We find that mast cells can enhance proliferation and cytokine production in multiple T cell subsets. Mast cell-dependent enhancement of T cell activation can be promoted by FcRI-dependent mast cell activation, TNF production by both mast cells and T cells, and mast cell-T cell contact. However, at high concentrations of cells, mast cells can promote T cell activation independent of IgE or TNF. Finally, mast cells also can promote T cell activation by means of soluble factors. These findings identify multiple mechanisms by which mast cells can influence T cell proliferation and cytokine production.
allergy ͉ asthma ͉ autoimmunity ͉ cytokines ͉ immune response G ell and Coombs (1) placed ''immediate'' and ''delayed'' hypersensitivity reactions at opposite ends of their new classification scheme, as ''type I'' and ''type IV'' reactions. Subsequently, it became clear that IgE-dependent mast cell activation represents a major effector mechanism in many immediate hypersensitivity reactions, whereas various T cell subsets are the major effector cells in delayed hypersensitivity responses (2) .
Although the Gell and Coombs classification retains heuristic value, it is now apparent that both mast cell-and effector T cell-dependent mechanisms contribute to the expression of some examples of host defense or immunological disorders. For example, studies in genetically mast cell-deficient mice have shown that mast cells can enhance the development and͞or magnitude of certain T cell-associated responses. These responses include those elicited by exogenous antigens (Ags), such as in models of contact hypersensitivity (CHS) (3) (4) (5) , delayedtype hypersensitivity (6) , and asthma (7, 8) , and in models of autoimmune diseases, such as experimental autoimmune encephalomyelitis (9), Ab-induced arthritis (10) , and inflammatory bowel disease (11) . Moreover, in some of these settings, including models of asthma or CHS, mast cell activation may reflect, at least in part, the recognition of specific Ags by IgE (7, 8, 12) or IgG1 (7, 8, 10, 13 ) Abs bound to FcRI or Fc␥RIII receptors on the mast cell surface.
During certain immunological responses, mast cells and T cells may be activated in parallel by independent mechanisms. In addition, mast cells and T cells can influence each other's function. Thus, contact with activated T cells can induce certain mast cells to secrete histamine, TNF, and metalloproteinase 9, and to exhibit enhanced IL-4 mRNA transcription (14) (15) (16) (17) . Also, purified populations of mast cells can present Ags to T cells by either MHC class I-or class II-restricted mechanisms in vitro (18) (19) (20) (21) .
Moreover, it is known that certain mast cell products can influence T cell function. Mast cells represent a major potential source of TNF (22, 23) , which can have a number of effects on T cell recruitment, activation, and function (24) (25) (26) (27) , and juxtacrine effects of TNF can contribute to the mechanism by which T cell contact induces mast cells to secrete metalloproteinase 9 (17). Histamine, a major product of mast cells, can promote Th1 and Th2 cell activation (28) . Activated mast cells also can secrete many chemokines, including CCL2 (MCP-1), CCL3 (MIP-1␣), CCL4 (MIP-1␤), and CCL-5 (RANTES) (29, 30) , which can enhance T cell recruitment to sites of inflammation; and recent evidence indicates that leukotriene B 4 produced by mast cells also may have a role in regulating T cell migration (31) . By using cDNA microarray analysis, we showed that human umbilical cord blood-derived mast cells can express certain costimulatory molecules, including OX40 ligand and 4-1BB ligand, which can promote T cell activation through cell-cell contact, and that stimulation of such mast cells through FcRI aggregation enhances the expression of mRNA for these molecules (30) .
In the present study, we investigated the ability of mast cells to enhance T cell activation and identified multiple mechanisms by which mast cells can stimulate T cell proliferation.
Materials and Methods
Mice. TNF Ϫ/Ϫ mice were generated from C57BL͞6 ES cells (32) . FcR␥ Ϫ/Ϫ , C57BL͞6 and BALB͞c mice were purchased from Taconic Farms (FcR␥ Ϫ/Ϫ ) and The Jackson Laboratory (the others). Kit W-sh ͞Kit W-sh mice on the C57BL͞6 background (33) were kindly provided by P. Besmer (Memorial Sloan-Kettering Cancer Center and Cornell University Graduate School of Medical Sciences, New York). All mice were housed at the animal care facilities at Stanford University Medical Center (Stanford, CA) and were kept under standard temperature, humidity, and timed lighting conditions, provided mouse chow and water ad libitum, and were treated in a humane manner in compliance with National Research Council and Stanford Institutional Animal Care and Use Committee guidelines.
Preparation of Bone Marrow-Derived Cultured Mast Cells (BMCMCs).
BMCMCs were obtained by culturing mouse femoral BM cells in 20% WEHI-3 conditioned medium (containing IL-3) for 6-12 weeks, at which time the cells were Ͼ98% c-kit high FcRI␣ high by flow cytometry analysis (data not shown).
Preparation of T Cells.
A single-cell suspension of spleen cells was prepared, and red blood cells were lysed in RBC lysing buffer (Sigma). For CD3 ϩ T cell purification, spleen cells were incubated with biotinylated anti-mouse B220 (RA3-6B2), Gr-1 (RB6-8C5), CD11b (M1͞70), CD11c (N418), CD49b (DX5), Ter119 (Ter119), and c-kit͞CD117 (2B8) for 20 min at 4°C. All Abs were from eBioscience (San Diego). The cells were then washed and incubated with streptavidin beads (Miltenyi Biotec, Auburn, CA) for 20 min at 4°C, and washed again and passed through a magnetic cell-sorting column (Miltenyi Biotec) (Ͼ95% CD3 ϩ T cells). Statistics. A two-tailed Student t test was used for statistical evaluation of the results. Unless otherwise specified, all results are shown as mean Ϯ SD.
Results

T Cells Exhibit Close Associations with Mast Cells at Sites of CHS.
CHS is an allergic inflammatory response mediated by hapten-specific T cells. As noted in the Introduction, mast cells can contribute to the expression of CHS under certain circumstances but not in others. In mice sensitized to express CHS responses to 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone), by using a protocol in which mast cells contribute to both the sensitization and effector phases of the response (5), many inflammatory cells, including CD3 ϩ T cells, were observed in oxazolone-treated, but not in vehicle-treated, ear skin (Fig. 4 , which is published as supporting information on the PNAS web site). Moreover, many CD3 ϩ T cells were colocalized with mast cells in oxazolone-treated ear skin, but not in vehicle-treated sites (Fig. 4C) . At 24 and 48 h after oxazolone challenge, 12.4 Ϯ 3.4% (n ϭ 4) and 5.7 Ϯ 1.7% (n ϭ 4) of CD3 ϩ T cells in the dermis appeared to be in contact with resident mast cells. The numbers of cells per mm 2 of dermis at these times were 479 Ϯ 204 and 676 Ϯ 240 CD3 ϩ T cells and 135 Ϯ 31 and 163 Ϯ 24 mast cells.
We are not aware of prior reports that quantified mast cell-T cell associations in CHS reactions. However, other investigators have reported that mast cells and T cells can occur in close proximity in CHS and other T cell-associated immune responses (35, 36) . These findings support the hypothesis that mast cells and T cells can functionally interact at sites of such T cellassociated immune responses.
Mast Cells Can Enhance T Cell Proliferation. To search for specific effects of mast cells on T cells, we turned to in vitro coculture systems. T cell proliferation was induced when relatively high concentrations of purified splenic T cells (2.0 ϫ 10 5 cells per well) were stimulated with plate-bound anti-CD3 mAb (Fig. 5A , which is published as supporting information on the PNAS web site); the responses were not affected by DNP-HSA (Fig. 5A) . BMCMC proliferation also was most strongly induced at relatively high cell concentrations (1.0 or 2.0 ϫ 10 5 cells per well), but this response required both IgE and specific Ag, DNP-HSA; the presence or absence of anti-CD3 mAb had no effect on BMCMC proliferation (Fig. 5B) .
We then cocultured a small number of T cells with a small number of mitomycin C-treated BMCMCs (0.25 ϫ 10 5 of each cell type per well). IgE-sensitized BMCMCs markedly enhanced T cell proliferation, but only in the presence of both DNP-HSA and anti-CD3 mAb (Fig. 5C ). These results indicate that mast cells activated by means of IgE and specific Ag can significantly enhance T cell proliferation when the T cells are also stimulated suboptimally by means of the T cell receptor (TCR)͞CD3 complex.
We next cocultured different numbers of T cells and mito- mycin-C treated BMCMCs with or without anti-CD3 mAb, IgE, and specific Ag (Fig. 6 , which is published as supporting information on the PNAS web site). At low cell concentrations, T cell proliferation in the presence of anti-CD3 mAb was only potentiated by IgE͞Ag-stimulated BMCMCs, whereas, at high cell concentrations, the response was also enhanced by nonsensitized BMCMCs, either in the presence or absence of specific Ag (Fig.  6 ). However, even at high cell concentrations, the responses to IgE͞Ag-stimulated BMCMCs were still greater than those observed in the absence of IgE or DNP-HSA (Fig. 6) .
We observed a similar phenomenon by using FcR␥ Ϫ/Ϫ BMCMCs, which cannot signal through the FcRI in response to IgE and Ag. At high cell concentrations, FcR␥ Ϫ/Ϫ BMCMCs, like WT BMCMCs, strongly enhanced T cell proliferation in the presence of anti-CD3, an effect that was enhanced by IgE and DNP-HSA only in WT BMCMCs (Fig. 1 A) . By contrast, at low cell concentrations, only IgE͞Ag-stimulated WT BMCMCs strongly enhanced T cell proliferation, whereas either FcR␥ Ϫ/Ϫ or WT BMCMCs could weakly enhance T cell proliferation independent of IgE and͞or DNP-HSA (Fig. 1B) .
Taken together, these results indicate that there are at least two distinct pathways by which mast cells can enhance T cell proliferation; an FcRI-dependent pathway, and a mechanism that is independent of signaling through FcRI.
It has been reported that mast cells can present Ags by MHC class I-or II-dependent mechanisms (18) (19) (20) (21) . However, we detected no I-A b expression on unchallenged or IgE-and͞or Ag-incubated C57BL͞6 BMCMCs (Fig. 7A , which is published as supporting information on the PNAS web site), for 24, 48 or 72 h (data not shown). IgE-sensitized BMCMCs that were cocultured with T cells for 72 h, under conditions the same as those for the experiments shown in Fig. 1 A, expressed low levels of I-A b ; however, such mast cell I-A b expression was much less than that on freshly isolated splenic CD11c ϩ DCs (Fig. 7B) .
We then tested the ability of mitomycin C-treated BMCMCs to mediate Ag presentation, assessed as their ability to enhance T cell proliferation, in cocultures with CD4 ϩ T cells from the spleens of C57BL͞6 OTII transgenic mice, which express a TCR that recognizes ovalbumin (OVA) (37) . These mast cell populations weakly enhanced the proliferation of OTII T cells at the highest concentration of OVA tested (5 M), but these responses were markedly lower (Ͻ1%) than those induced in OTII spleen cells by a 10-fold lower concentration of OVA (Fig. 8 A  and B , which is published as supporting information on the PNAS web site).
Although our results indicate that these BMCMCs preparations can weakly express Ag presentation function, the conditions examined favor the detection of such an effect, given the very high concentration of Ag-specific T cells in these cultures. It is even possible that some or all of the Ag presentation function in these BMCMC populations might reside in the Ͻ2% of the cells in these preparations which are not identifiable as mast cells. These experiments thus argue against the possibility that mast cell Ag presentation function significantly contributes to the high levels of T cell proliferation induced by BMCMCs under our usual conditions of coculture ( Fig. 1 A and B) .
Role of Cell-Cell Proximity. To investigate the importance of cell-cell proximity for mast cell-dependent enhancement of T cell proliferation, we cocultured T cells with mitomycin Ctreated BMCMCs with or without a transmembrane filter to separate the two cell populations. When T cell-mast cell proximity was permitted, peak levels of T cell proliferation were reached at 72 and 96 h, whereas lower responses were observed at these intervals in cocultures in which T cells and mast cells were separated; however, T cell proliferation in the latter setting was substantially increased at 120 h (Fig. 1C) .
Thus, both cell-cell proximity and soluble factors can contribute to enhancement of T cell proliferation by IgE͞Ag-stimulated mast cells. Moreover, mast cell-dependent enhancement of T cell proliferation, unlike mast cell-dependent Ag presentation, can occur in the absence of mast cell-T cell proximity.
Importance of TNF. We next used WT vs. TNF Ϫ/Ϫ BMCMCs to assess whether mast cell-derived TNF is required for mast cell-derived T cell proliferation. At low cell concentrations (0.25 ϫ 10 5 cells per well), IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs did enhance T cell proliferation, but the response was significantly decreased compared with that observed with WT BMCMCs (Fig. 2 A) . Moreover, this diminished response was largely reconstituted by the addition of rmTNF (50 ng͞ml) (Fig.  2B) . By contrast, at high cell concentrations (2.0 ϫ 10 5 cells per well), TNF Ϫ/Ϫ BMCMCs were almost as efficient as WT BMCMCs in enhancing T cell proliferation, and, in this setting, the effect was independent of IgE and specific Ag (Fig. 2C) .
Therefore, at low concentrations of cells, optimal enhancement of T cell proliferation by mast cells requires IgE͞Ag-FcRI-mediated production of TNF by mast cells and cell-cell contact, whereas, at high cell concentrations, substantial mast cell-dependent T cell proliferation can occur independent of IgE͞Ag and mast cell TNF production.
Either CD4 ϩ or CD8 ϩ T cells also can produce TNF after anti-CD3 stimulation (data not shown). Although we used WT T cells in Fig. 2 , any T cell-derived TNF in the cultures did not rescue the reduced responses observed by using TNF-deficient mast cells. To assess further the potential contribution of T cell-derived TNF in our coculture systems, we cocultured WT or TNF Ϫ/Ϫ T cells with WT or TNF Ϫ/Ϫ BMCMCs in the presence or absence of stimuli.
In accord with our other observations (Fig. 2) , at low cell concentrations, IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs did not efficiently enhance WT T cell proliferation in the presence of anti-CD3 Ab (Fig. 9A , which is published as supporting information on the PNAS web site). Interestingly, the proliferation of TNF Ϫ/Ϫ T cells cocultured with IgE͞Ag-stimulated WT BMCMCs was reduced compared with that of WT T cells cocultured with IgE͞Ag-stimulated WT BMCMCs in the presence of anti-CD3 mAb (Fig. 9A) . Moreover, the response of TNF Ϫ/Ϫ T cells cocultured with IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs was markedly impaired compared with the other T cell-mast cell coculture combinations (Fig. 9A) . These results indicate that both mast cell-and T cell-derived TNF are required for optimal enhancement of T cell proliferation mediated by IgE͞Ag-activated mast cells.
TNF binds to two receptors, TNFRI and TNFRII. To assess which receptors might contribute to the enhancement of T cell proliferation by IgE͞Ag-activated mast cells, we added a neutralizing Ab to either TNFRI or TNFRII during T cell-mast cell cocultures at low cell concentrations. Either anti-TNFRI or -TNFRII mAbs inhibited the response, reducing it to the levels observed when T cells were cocultured with IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs (Fig. 9B) . These results indicate that signaling from both TNF-TNFRI and -TNFRII can contribute to optimal enhancement of T cell proliferation by IgE͞Ag-stimulated mast cells.
Mast Cells Can Activate Multiple T Cell Subsets. We next examined the effect of TNF produced by mast cells on CD4 ϩ and CD8 ϩ T cells in T cell-mast cell cocultures. IgE͞Ag-stimulated WT BMCMCs enhanced the proliferation of both CD4 ϩ and CD8 ϩ T cells in the presence of anti-CD3 mAb at low cell concentrations, but the responses induced by IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs were markedly reduced ( Fig. 10 A and B , which is published as supporting information on the PNAS web site). The levels of the Th1-type cytokine, IFN-␥, in culture supernatants from CD4 ϩ or CD8 ϩ T cells cocultured with IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs were also significantly reduced compared with those in cocultures with WT BMCMCs. The Th2-type cytokine, IL-4, was below the limit of detection in all culture conditions ( Fig. 10 A and B) . However, the non-Th1͞Th2-type cytokine IL-17 (38) , produced by activated CD4 ϩ T cells, was also decreased in cocultures of CD4 ϩ T cells plus IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs (Fig. 10A) . These results indicate that mast cell-derived TNF is required for optimal expression of the IgE͞Ag-FcRI-dependent mechanism of mast cell enhancement of activation of both CD4 ϩ and CD8 ϩ T cells. CD4 ϩ T cells differentiate into Th1 cells in the presence of rIL-12 or to Th2 cells in the presence of rIL-4 in vitro; under the same conditions, CD8 ϩ T cells can differentiate into Tc1 or Tc2 cells. To generate Th and Tc cells from naïve T cells, naïve T cells are stimulated through the TCR in the presence of cytokines. Once the T cells are so stimulated, T cell proliferation can be easily promoted by a very small amount of anti-CD3 mAb during secondary stimulation. Therefore, to observe optimal T cell activation by IgE͞Ag-activated mast cells, we changed the concentration of anti-CD3 mAb from 1 to 0.03 g͞ml, and the concentration of Th͞Tc cells from 0.25 ϫ 10 5 to 0.05 ϫ 10 5 cells. In cocultures with Th1 or Th2 cells in the presence of anti-CD3 mAb, IgE͞Ag-stimulated WT BMCMCs were significantly more effective than IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs in enhancing both Th1 and Th2 cell proliferation (Fig. 11 A, which is published as supporting information on the PNAS web site). IFN-␥ levels in supernatants from Th1 cells and IL-4 levels in supernatants from Th2 cells cocultured with IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs were also significantly reduced compared with those in cocultures containing IgE͞Ag-stimulated WT BMCMCs (data not shown). Proliferation of Tc1 and͞or Tc2 cells (Fig. 11B) and IFN-␥ levels in supernatants from Tc1 cells and IL-4 levels in supernatants from Tc2 cells (data not shown) cocultured with IgE͞Ag-stimulated TNF Ϫ/Ϫ BMCMCs were also significantly reduced compared with those in cocultures containing IgE͞Ag-stimulated BMCMCs (Fig. 11B) .
These results indicate that mast cell-derived TNF contributes to the optimal expression of the IgE͞Ag-FcRI-dependent mechanism of mast cell enhancement of activation of both Th1͞Th2 cells and Tc1͞Tc2 cells. Very similar results were obtained when we assessed the ability of IgE͞Ag-stimulated BMCMCs to enhance the proliferation of CD4 ϩ CD62L
Ϫ memory type T cells or ␥␦TCR ϩ T cells ( Fig. 11 C and D) . The purity of the T cell subsets analyzed is shown in Fig. 12 and Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Mast Cells Can Act Synergistically with T Cells in Vivo.
It has been reported that TNF Ϫ/Ϫ mice exhibit reduced CHS responses (39) , and that mast cell-derived TNF can contribute to the development of the effector phase of CHS responses, apparently by enhancing the recruitment of neutrophils to reactions elicited in sensitized mice (4) .
We were interested in investigating whether mast cell-derived TNF might also contribute to mast cell-dependent T cell activation, specifically, in settings in which the mast cells are activated by FcRI-dependent mechanisms, i.e., by IgE and specific Ag. We therefore assessed whether mast cells activated via IgE-and Ag-dependent mechanisms and T cells suboptimally stimulated through the TCR͞CD3 complex can interact in enhancing expression of inflammatory responses in vivo.
To control for possible effects of mast cells on T cell recruitment to sites of cutaneous inflammation, we injected anti-CD3-treated T cells and anti-DNP IgE-sensitized BMCMCs intradermally into both the right and left ear pinnae of C57BL͞6 mice, and then the ear pinnae were treated epicutaneously with DNFB or vehicle. Ear thickness was not substantially increased after DNFB treatment in mice that had been injected with PBS alone, activated T cells alone, or IgE-sensitized BMCMCs alone (Fig.  3A) . By contrast, ear thickness was markedly increased after DNFB treatment in mice that had been injected with both activated T cells and WT BMCMCs (Fig. 3A) .
Notably, the corresponding responses in mice injected with both activated T cells and IgE-sensitized TNF Ϫ/Ϫ BMCMCs were significantly (P Ͻ 0.05) reduced compared with those in mice that had been injected with both activated T cells and IgE-sensitized WT BMCMCs (Fig. 3A) Taken together, these results show that, in an adoptive transfer model, mast cells activated through IgE and Ag can act synergistically with activated T cells to orchestrate the local development of cutaneous inflammation, and that mast cell-derived TNF contributes significantly to this response.
Discussion
We found that mast cells markedly enhanced proliferation and cytokine production in T cells that had been suboptimally stimulated through the CD3͞TCR complex in vitro. Moreover, mast cells stimulated via the FcRI enhanced the activation of all of the T cell subsets tested, including CD4 ϩ , CD8 ϩ , Th1, Th2, Tc1, Tc2, ␥␦TCR ϩ , and CD4 ϩ CD62L Ϫ T cells. By contrast, under the conditions tested, even IgE͞Ag-stimulated mast cells had little or no effect on resting splenic T cells. Taken together, these observations suggest that mast cell-dependent enhancement of T cell activation may occur most readily in vivo in those contexts in which T cells already are undergoing some level of activation, such as at sites of Ag exposure in sensitized individuals.
Mast cell-dependent enhancement of T cell activation was promoted by IgE-and FcRI-dependent mast cell activation, TNF production by both mast cells and T cells, and mast cell-T cell proximity. However, it appears that mast cells can enhance T cell activation in the mouse by additional mechanisms as well. For example, at high cell concentrations, mast cells can enhance the T cell response in the absence of signaling through the FcRI␥ chain (Fig. 1B) . Also, when mast cells are stimulated with IgE and Ag, substantial enhancement of T cell proliferation can occur in the absence of mast cell-T cell proximity (Fig. 1C) .
In the skin in vivo, our adoptive transfer studies showed that IgE͞Ag-activated mast cells and T cells stimulated suboptimally through anti-CD3 Ab treatment can act synergistically to enhance cutaneous inflammation (Fig. 3A) . Moreover, analyses in both WT (Fig. 3A) and genetically mast cell-deficient mice ( Fig.   3 B and C) indicated that optimal expression of this effect, like many of those observed in vitro, required mast cell-derived TNF.
In summary, our findings have revealed both cell-proximitydependent and -independent mechanisms through which mast cells can enhance the proliferation and͞or cytokine production of T cells that have also been stimulated through the CD3͞TCR complex. Our findings also have shown the importance of TNF as a mediator of mast cell-dependent enhancement of T cell activation. These observations clearly demonstrate that mast cells, and mast cell-derived TNF, can enhance T cell proliferation and function, and suggest that such mechanisms may contribute to the expression of immune responses in host defense and allergic or autoimmune disorders.
